Two adenosine diphosphoglucose: a-, 4-glucan a-4-glucosyltransferases were extracted from kernels of waxy maize harvested 22 days after pollination and separated by gradient elution from a diethylaminoethyl-cellulose column. Both fractions could utilize amylopectin, amylose, glycogen, maltotriose and maltose as primers. The rate of glucose transfer from adenosine diphosphoglucose to rabbit liver glycogen of fraction II was 78% of the rate of glucose transfer to amylopectin, but with fraction I the rate of transfer of glucose to rabbit liver glycogen was 380% of that observed to amylopectin. Glucan synthesis in the absence of added primer was found in fraction I in the presence of 0.5 M sodium citrate and bovine serum albumin. The unprimed product was a methanol-precipitable glucan with principally a-1,4 linkages and some a-1,6 linkages, and its iodine spectrum was similar to that of amylopectin.
Either sugar nucleotide transferases or phosphorylase could be involved in the initiation and synthesis of starch in higher plants (3, 4, 10, (13) (14) (15) . Multiple forms of ADP-glucose:a-1,4-glucan a-4-glucosyltransferase have been separated from spinach leaves, one of which in the absence of added primer catalyzes the synthesis of a glucan with principally a-i ,4 linkages and some a-1 , 6 linkages (12). The unprimed activity was stimulated over 1000-fold by BSA3 and high concentrations of some salts (12) . In maize kernels, Tsai and Nelson (15) have found evidence for the presence of multiple forms of phosphorylase, two forms of which are capable of synthesizing a polyglucan in the absence of added a-1 ,4 glucan primer.
The present communication reports the existence of two forms of ADP-glucose:a-1 ,4-glucan a-4-glucosyltransferase (ADP-glucose-starch glucosyltransferase) in waxy maize, one of which can catalyze the formation of a polyglucose with properties similar to amylopectin in the absence of added primer. Rates of the unprimed reaction were up to eight times faster than the primed reaction at physiological concentrations of ADP-glucose. Materials. ADP-'4C-glucose was prepared in the laboratory from a-glucose-i-P (4). Amylopectin was purchased from Calbiochem, maltose was purchased from Mann Research Laboratory, glycogen and /8-amylase were purchased from Sigma, amylose was purchased from Corn Products Laboratories, aamylase was purchased from Worthington, and Cytophaga isoamylase (5) was kindly provided by Dr. W. J. Whelan, University of Miami.
Purification of ADP-glucose-Starch Glucosyltransferase. Ears of waxy maize were harvested 22 days after pollination and stored at -15 C until used. Kernels (20 g) were removed and ground to a powder in a mortar with liquid N2. The powder was stirred with 40 ml of a solution containing 50 mm trisacetate buffer, pH 7.5, 10 mm EDTA, and 2 mm dithiothreitol for 30 min. All operations were then carried out at 0 to 4 C. Concentration and separation of the ADP-glucose-starch glucosyltransferases on DEAE-cellulose was the same as that described previously (12) , except that 65 mg of protein were addd to a 20-ml (resin bed volume) column of DEAE-cellulose and 800 ml of tris-actetate buffer with increasing concentration of KCl (linear gradient 0 to 0.4 M KCl) was passed through the column and collected in 4.4-ml fractions.
ASSAY OF ADP-GLUCOSE-STARCH GLUCOSYLTRANSFERASE
Transfer of Glucose to Primer. The reaction mixture contained 140 nmoles of ADP-14C-glucose (500 cpm/nmole), 20 ,umoles of Bicine buffer (pH 8.5), 5 ,umoles of potassium acetate, 2 /umoles of GSH, 1 ,umole of EDTA, 1 mg of amylopectin (amylose free), and enzyme in a final volume of 0.2 ml. The reaction was stopped by adding 2 ml of 75% methanol containing 1% KCl, and the methanol-insoluble polysaccharide was determined by the method of Ghosh and Preiss (4). In experiments where maltose or maltotriose was used as a primer, the reaction was stopped by heating for 1 min at 100 C; 2 ml of a slurry containing 400 mg of anion exchange resin (AG 1-X8, 200-400 mesh) were added to absorb the remaining ADP-"4C-glucose. After filtration through Whatman No. 1 filter paper, the radioactivity in 0.5 ml of the filtrate was determined in a liquid scintillation counter.
Production of Glucan without Added Primer. Reaction mixtures were as above, except that potassium acetate and amylopectin were replaced by 100 tumoles of sodium citrate and 100 /tg of BSA. The reaction was stopped by heating for 1 min at 100 C. Carrier amylopectin was added (1 mg), and radioactivity was determined by methanol precipitation as described for the reaction mixture containing primer.
Product Identification. Radioactive product formed by the unprimed reaction was coprecipitated with carrier amylopec- tin with methanol-KCl, washed and dissolved in 1 ml of water as above. Aliquots (100 ,Iu containing 6000 cpm) were incubated for 4 hr at 37 C and pH 5.5 with either /3-amylase, aamylase, isoamylase, or isoamylase plus /3-amylase. The reaction mixtures were heated for 1 min at 100 C and spotted on Whatman No. 1 paper. Chromatograms were developed in a 1-butanol-pyridine-water solvent (6:4:3) for 40 hr. Radioactive spots on the chromatograms were located with a strip scanner and then cut out and counted by liquid scintillation.
The iodine absorption spectrum of the product formed in the unprimed reaction was obtained. Enzyme was incubated with unlabeled ADP-glucose in a reaction mixture (with GSH omitted) containing BSA and 0.5 M sodium citrate, as described above. The reaction was stopped by heating at 100 C for 1 min; 50 Aul of reaction mixture containing about 25 jug of the product were added to 0.95 ml of the iodine reagent containing saturated CaCl2 (9) . The absorption spectrum of the solution and of solutions containing amylopectin and amylose were recorded on a Cary model 14 spectrophotometer. RESULTS ADP-glucose-starch glucosyltransferases from developing kernels of waxy maize were purified by ammonium sulfate precipitation and DEAE-cellulose chromatography (Table I) . Each column fraction collected was assayed for primed (using amylopectin) and unprimed activity (Fig. 1) . Two forms of the enzyme were found and will be referred to as transglucosylase I and II (Fig. 1) . Unprimed activity was associated only with transglucosylase I. It showed a 100-fold purification over the crude extract and was 8-fold greater than primed activity with amylopectin as a primer.
Many anions, as well as citrate which was used in the standard assay, in the presence of BSA stimulated the unprimed activity of transglucosylase I (Table II) . Chloride ions and anions above it in the chaotropic series (6) were ineffective, but sulfate ions and anions below it in the series stimulated unprimed activity. The latter anions were also found to stimulate the unprimed activity of one of the transglucosylases from spinach leaves (12) .
Addition of 200 ,ug of the primer amylopectin to reaction mixtures containing 0.5 M sodium citrate and BSA reduced the amount of product synthesized to 50% of that formed in the absence of primer. Whether this represents an inhibition of the unprimed reaction, a stimulation of the primed reaction, or a combination of the two is not known at the present time. In any case, it can be seen that the primed reaction is either not stimulated at all or is not stimulated to nearly the same extent as the unprimed reaction.
UDP-glucose was found not to substitute for ADP-glucose as the sugar nucleotide donor in either primed reaction (fractions I and II) or unprimed reaction (fraction I). Glucose-l-P was also inactive. Primed and unprimed reaction rates were linear with protein concentration and time in the range used to obtain the data reported. kernels (2, 8) .
The two glucosyltransferases separated from waxy maize have many properties in common with the glucosyltransferases from spinach leaves (12) . In both tissues, activity in the absence of added primer was associated with only one form of the enzyme. Some differences have been observed, the main ones being the absorption and elution of the activities from DEAEcellulose, the ratio of unprimed to primed activity, and the composition of the product. The relative position of the enzyme eluted from DEAE-cellulose which is active in the absence of added primer was reversed in maize compared to that found in spinach leaves. With these fractions, the ratio of unprimed activity (with amylopectin) in maize was about eight, whereas in spinach it was less than three. However, using rabbit liver glycogen as a primer, the ratio of unprimed to primed was nearly the same for both tissues. Thirdly, the product of the unprimed reaction with maize enzyme had properties similar to amylopectin, while the product with spinach enzyme contained fewer a-1, 6 linkages than amylopectin (unpublished data). Temperature response curves for 15 and 30 min are shown in Figure 2 . Rates of the primed reaction changed only slightly in going from 20 to 37 C, with an optimum of about 37 C for fraction I and 30 C for fraction II. Fraction II was more sensitive to high temperature than fraction I. Unprimed activity of fraction I was greatly stimulated by increasing temperature, with an optimum at about 37 C and a 50% lower rate at 42 C. Each fraction had a broad pH optimum from about pH 7.5 to 8.5 (Fig. 3) .
The Km for ADP-glucose in primed reactions was 0.10 mM for transglucosylase I and 0.12 mm for transglucosylase II. The unprimed reaction was nonlinear with time at low concentrations of ADP-glucose, but the enzyme appeared to have high affinity for this substrate (Fig. 4) . At 82 tim ADP-glucose, the unprimed reaction was 5-fold faster than the transglucosylase activity observed with amylopectin as a primer.
Activity of transglucosylases I and II with different primers is given in Table III . Glycogen, particularly rabbit liver glycogen, was a much better primer than amylopectin for fraction I but was a poorer primer for fraction II. The reaction rate with rabbit liver glycogen for transglucosylase I approached that of the unprimed reaction. The activity with other primers was relatively alike for both fractions.
Treatment of the unprimed product with a-amylase and ,8-amylase showed that the product was an a-1,4 glucan with some branch points (Table IV) . Isoamylase treatment with and without /3-amylase showed that the branches were a-i, 6 linkages. The degree of hydrolysis with amylases was similar to that obtained with amylopectin (7) . The small amount of glu- Percentage of rate observed with amylopectin. Although the conditions for obtaining optimal rates of unprimed reaction appear to be nonphysiological, it is quite possible that these conditions simulate the environment or milieu in situ. The concentration of enzyme required for the in vitro unprimed reaction is about 1/30 the concentration of transferase present in the cell, assuming even distribution through-,E IN WAXY MAIZE 769 out the cell. Since it has been shown that the rate of endosperm starch formation in maize is 10 nmole glucose equivalent/ g min (15) , the maximum rate of unprimed reaction found is 5-fold greater than the in vivo rate. The rate of unprimed reaction catalyzed by maize phosphorylase with glucose-1-P is much less than the in vivo rate observed for starch synthesis in maize (15) . The present results and those with spinach (12) suggest that ADP-glucose starch glucosyltransferases might initiate and maintain starch synthesis in plants.
